During growth of myxamoebae of Dictyostelium discoideum (strain Ax-2) in axenic medium, the myxamoebae secrete cyclic AMP. As the cells leave the exponential phase of growth and enter the stationary phase, there is an approximate doubling of the intracellular cyclic AMP content, but the amount ofextracellular cyclic AMP remains proportional, at all times, to the number of myxamoebae present. During development of axenically grown myxamoebae, there is first a rise in the intracellular concentration of cyclic AMP, followed by a rise in the amount of extracellular cyclic AMP, which reaches a peak at the time ofaggregation and then declines. There is a second peak in the amount ofextracellular cyclic AMP found at the time of fruiting-body formation, but this second peak is not associated with a rise in the intracellular cyclic AMP concentration. Controls thus exist over the synthesis and secretion of cyclic AMP. Evidence is presented for the belief that the activity of the adenylate cyclase enzyme controls the amount of cyclic AMP synthesized rather than the activity or amount of cyclic AMP phosphodiesterase present. Similar changes occur in extracellular cyclic AMP and phosphodiesterase concentrations during incubation of myxamoebae in buffered suspensions to those occuring during the first few hours of development of such cells on solid media, but the timing of these changes is different.
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The life cycle of the cellular slime mould Dictyostelium discoideum is divided into two mutually exclusive phases, the growth phase, during which all DNA synthesis and most cell division occurs, and the differentiation phase, during which the hitherto solitary myxamoebae construct a multicellular fruiting body (Bonner, 1967) . These two phases are connected by the aggregation stage of the life cycle when the non-growing myxamoebae gather about a central point by a process of chemotaxis and form a multicellular aggregate, the grex. The chemotactic gradient is composed of a signal [idehitified by Konijn et al. (1968) as 3': 5'-cyclic AMP] and an enzyme that destroys the signalling molecule (Shaffer, 1956 ), identified as a phosphodiesterase by Goidl et al. (1972) .
In addition to its role in chemotaxis, high concentrations of extracellular cyclic AMP have been shown by Bonner (1970) to convert isolated myxamoebae into cells resembling those normally found in the stalk of the fruiting body.
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VoI, 134 concentration before aggregation of the myxamoebae and that after aggregation was completed there was a decrease in the extracellular cyclic AMP concentration. Malkinson & Ashworth (1972) Chang, 1968) and the other a low Km value (4 x 10-6M; Reidel & Gerisch, 1971 ) for cyclic AMP. It is possible that these two enzymes are alternative forms of the same protein species since Chassy (1972) 
Methods
Preparation of samples during the growth and differentiation ofmyxamoebae. Dictyostelium discoideum (strain Ax-2) was grown on axenic medium containing 86mM-glucose as described by Watts & Ashworth (1970) . Samples ofgrowth medium were obtained and assayed for cyclic AMP as described previously (Malkinson & Ashworth, 1972 (Sussman, 1966) . Cells were harvested from these filters into 5mM-Tris-HCI buffer, pH7.5, as described above and cell-free extracts were obtained by using total ultrasonication times of 30s for samples collected during the 0-16h stages of development, 60s for samples collected during the 17-20h stages and 90s for samples collected during the last stages of development. The extracellular cyclic AMP concentration and phosphodiesterase activity were assayed by taking the cellulose pad that underlies the Millipore filter (Sussman, 1966) Lee (1972) .
Assay ofcyclic AMP. Cyclic AMP was assayed as described previously (Malkinson & Ashworth, 1972 The concentration of extraceltular cyclic AMP increases from about 70 to lOOOpmol/ml during the growth of myxamoebae in axenic culture (Malkinson & Ashworth, 1972) . The rate of increase appears fastest just before the cells enter the stationary phase of growth. This increase could be due to an increased rate of synthesis of cyclic AMP by all the cells or it could be a consequence of the rapid absolute increase in cell number which also occurs at this time. If it is assumed that the rate of synthesis and of secretion of cyclic AMP is constant at all tines, then the amount of cyclic AMP present at any moment should be proportional to the number of myxamoebae present at that time. As shown in Fig. 1 , this is so both for cells grown in medium containing 86mM-glucose and for cells grown in medium containing different amounts of glucose.
The activity of the extracellular phosphodiesterase Vol. 134 is constant at 1.42±0.2 (10) units/mI throughout the growth phase.
Intracellular concentration of cyclic AMP and phosphodiesterase during the growth ofmyxamoebae
The intracellular concentration of cyclic AMP is constant throughout the exponential phase ofgrowth, but as the cells leave the exponential phase there is a doubling in the steady-state concentration (Table 1) . Since 107 myxamoebae contain approx. 1 mg of protein (Ashworth & Watts, 1970) and 0.005 ml of water, the concentration ofcyclic AMP in the cells (assuming no intracellular compartmentation) is 1500-2000pmol/ml during exponential growth and 3000-4000pmol/ml during the stationary phase of growth. There is no need, therefore, to postulate any active secretion process to account for the extracellular concentrations of cyclic AMP (Fig. 1) .
The intracellular activity of phosphodiesterase is constant at 0.27±0.02 (10) Fig. 2 . summarizes the results from six independent determinations of the cyclic AMP concentration of the fluid squeezed out of the cellulose support pads after various times of development. Fruiting-body formation was completed within 24+2h and aggregation was completed by 10±2h. The rise in extracellular cyclic AMP concentration that occurs during the first 12h ofdevelopment has been observed in every experiment that we have carried out and seems to be independent of the growth medium used for production of the myxamoebae. Thus myxamoebae harvested in the exponential or in the stationary phases of growth from media containing or lacking added carbohydrate all produced curves of the type shown in Fig. 2 . This is in marked contrast to some other changes (Quance & Ashworth, 1972) final value of 120pmol/ml attained after 32h ofincubation at 22°C (Fig. 3) . The second peak of extracellular cyclic AMP (Fig.  2) is rather more variable than the first (note the large standard error ofthe 22hvalue) and we have occasionally failed to observe it at all.
The intracellular cyclic AMP concentration (Fig. 2 ) increases during development to many times the value seen during the growth phase and reaches a peak at the time aggregation is completed. No second peak at the 20-22h stage has been observed, even in experiments where the peak in extracellular cyclic AMP concentration at this time (Fig. 2) has been particularly marked.
Changes in the intracellular and extracellular concentrations of cyclic AMP phosphodiesterase during the differentiation ofaxenically grown myxamoebae Fig. 4 summarizes the changes in activity of the low-Km cyclic AMP phosphodiesterase in the cells and in the fluid squeezed out of the cellulose support pads during the development of myxamoebae. The extracellular phosphodiesterase that we have assayed here appears to be identical with that described by Chassy (1972) . It is inhibited by dithiothreitol (as also reported by Pannbacker & Bravard, 1972) and has a Km in the range 4 x 106_1O0x 10-6M for cyclic AMP. The intracellular cyclic AMP phosphodiesterase activity that we have assayed has a similar low Km and is probably largely membrane bound, since most of the activity is pelleted by centrifugation of crude extracts at 12000g for 15min. In these respects this activity resembles that described by Malchow et al. (1972) , who also reported that a rise in the intracellular phosphodiesterase activity occurred during the development of aggregation competence of myxamoebae shaken in buffer. (Lee, 1972) .
In Fig. 5 (Fig. 5) appears to be more sensitive to the drug than does protein synthesis (Table 2) . Fig. 5 also shows the changes in activity of extracellular low-Km cyclic AMP phosphodiesterase during incubation of myxamoebae in phosphate buffer.
Discussion
We have studied the changes in concentration of cyclic AMP, and in activity of cyclic AMP phosphodiesterase, during the exponential and stationary phases of axenic growth of the myxamoebae (Table 1 and Fig. 1 ) and also during the subsequent differentiation ofsuch myxamoebae (Table 2 and Figs. 2-5) .
The increase in extracellular cyclic AMP found during the growth of myxamoebae in axenic medium (Malkinson & Ashworth, 1972) does not appear to be due to any marked change in the rate of synthesis of cyclic AMP (Fig. 1) nor, since the amount of extracellular phosphodiesterase is constant and small throughout the growth phase, is it due to any marked change in the rate of removal of cyclic AMP. It thus seems likely that this change reflects the change in cell density that occurs during growth and that, contrary to our previous ideas (Malkinson & Ashworth, 1972) , the extracellular cyclic AMP concentration does not correlate well with the process of starvation. In agreement with this, we find that addition of cyclic AMP to growth media has no effect on the growth rate of the myxamoebae, on the cell yield or on the capacity of the myxamoebae to differentiate when subsequently placed on Millipore filters.
In contrast, the intracellular cyclic AMP concentration (Table 1) seems to change abruptly as the myxamoebae leave the exponential and enter the stationary phase of growth, and this might therefore initiate a number of events known to occur at this time (Quance & Ashworth, 1972) . Interestingly, there appears to be an approximate doubling in the cellular cyclic AMP content and this might therefore represent another instance of 'quantal control' (Sussman & Newell, 1972) . Froehlich & Rachmeler (1972) have reported that when mammalian cells cease to grow in culture as a consequence of contact inhibition, their cyclic AMP content rises from 4.2 to 9.8pmol/mg of protein. These values are very close to those that we observe ( (1970) reported that high (1 mM) concentrations of cyclic AMP induce isolated amoebae to form cells which resemble stalk cells in appearance, and it is possible that this second peak reflects this second role of cyclic AMP in inducing the final differentiation of the stalk cells.
When myxamoebae are incubated in the absence of any salts (Fig. 3 ), they will aggregate and form grexes, but they take much longer to carry out these stages. The concentration of extracellular cyclic AMP attained during development in these conditions is very much less than is normally found (Fig. 2) . Thus it is not necessary for the cells to secrete sufficient cyclic AMP to achieve an extracellular concentration of 500-000pmol/ml to aggregate successfully, although such high concentrations clearly expedite this process. The decrease in extracellular cyclic AMP content found after aggregation has been completed (Fig. 2,  13-19h) is not found when development occurs in the absence of salts (Fig. 3) and when development is thus prevented from proceeding past the migratinggrex stage. It is thus conceivable that decreases in the extracellular cyclic AMP content are significant for regulating development as well as are increases. Nestle & Sussman (1972) have reported that addition of large concentrations of cyclic AMP (3mM) at 16-18h to the Millipore filter support pads causes marked abnormalities in the fruiting bodies finally found but that addition of cyclic AMP at times outside this 'sensitive period' causes little effect. It is noteworthy that the sensitive period defined by Nestle & Sussman (1972) coincides with the period of minimum extracellular cyclic AMP concentration (Fig. 2) . The marked changes in phosphodiesterase activity (Fig. 4) also found during normal development agree with this idea. It is also clear that there must, as has been suggested by Mason et al. (1971) , be some close connexion between cyclic AMP metabolism and ionic environment. Fig. 2 shows that, preceding the first peak in the extracellular cyclic AMP concentration, there is a peak in the intracellular concentration ofcyclic AMP. There is no such peak in the intracellular cyclic AMP concentration, however, associated with the second peak of extracellular cyclic AMP (Fig. 2, 20-22h) . Thus not only are there controls over the rate of synthesis and/or destruction of cyclic AMP but there must also be changes during development in the control of the secretion of cyclic AMP. Rossomando & Sussman (1972) have measured the specific activity of adenylate cyclase during growth and development of axenically grown myxamoebae and have reported that there is no change in the specific activity of 3.4nmol/min per mg of protein at 37°C. This amount of enzyme would appear to be several orders of magnitude greater than that needed to account for the rate of increase in the intracellular cyclic AMP that we have observed (Fig. 2) . Measurement of the activity of the intracellular cyclic AMP phosphodiesterase (Fig. 4) shows that, far from there being a decrease in the activity of this enzyme as the amount of cyclic AMP rises, there is an increase. In fact, the ratio of intracellular cyclic AMP to intracellular phosphodiesterase activity remains approximately constant throughout development. Thus it is most unlikely that the intracellular concentration of cyclic AMP is regulated by the rate of its removal by phosphodiesterase, as might be inferred from the work of Gerisch etal. (1972) . Indeed, since the peak in cyclic AMP concentration precedes the peak in phosphodiesterase activity, it is more logical to argue, like Konijn (1972) , that cyclic AMP induces phosphodiesterase activity. Since the specific activity of adenylate cyclase does not change during development it would seem likely that the intracellular concentration of cyclic AMP is regulated by alterations in the activity of adenylate cyclase. It is, however, difficult to measure the effect of effectors on this enzyme, since it is membrane bound and can be reliably assayed only in the presence of detergents such as Triton X-100 (Rossomando & Sussman, 1972) . It is probable that the consequent destruction of the structural integrity ofthe enzyme-membrane complex will alter the kinetic properties of the molecule. This certainly would be a reasonable explanation for the discrepancy between the specific activity ofsolubilized preparations of adenylate cyclase (Rossomando & Sussman, 1972) and our determinations of the rates ofcyclic AMP synthesis in vivo (Fig. 2) . We have thus looked for other ways to investigate the action of effectors on this enzyme.
When myxamoebae are shaken in buffer they make and secrete cyclic AMP and phosphodiesterase (Fig.  5) . Preceding the peaks of extracellular enzyme activity and cyclic AMP concentration are peaks in the concentration of intracellular cyclic AMP and phosphodiesterase. Comparison of Figs. 5 and 2 suggests that the peak in cyclic AMP concentration found in buffered suspensions at 90min is analogous to the peak found at 12h during development on Millipore filters. Similarly, comparison of Figs. 5 and 4 suggests that the peak in phosphodiesterase concentration found in buffered suspensions at 150min is analogous to the plateau in phosphodiesterase activity reached at 12h during development on Millipore filters. It is noteworthy that the amounts of phosphodiesterase activity which we detect in buffered cell suspensions are comparable with those reported by Gerisch et al. (1972) to be found in suspensions of bacterially grown cells and are much greater than the amounts found when development proceeds on a solid surface (Fig. 4) . Fig. 5 shows that inhibition of protein synthesis causes a complete inhibition of secretion of cyclic AMP. Simultaneous measurement of the intracellular cyclic AMP has shown that this is not a specific effect on the secretory process but is an inhibition of cyclic AMP synthesis. Since the cells have at all times such a considerable excess of adenylate cyclase it seems likely that this effect of cycloheximide is not a direct one on the synthesis of adenylate cyclase itself. Alteration of the ionic composition of the buffer and addition of metabolites have marked effects on the rate and extent of cyclic AMP synthesis and secretion, so this explanation is not unreasonable (J. M. Ashworth & J. Kwasniak, unpublished work).
The second peak in the concentration of extracellular cyclic AMP (Fig. 2) is also not due to a change in amount of assayable adenylate cyclase (Rossomando & Sussman, 1972) nor to a change in the activity of cyclic AMP phosphodiesterase (Fig. 4) . However, since it has not yet been possible to persuade cells to construct fruiting bodies in homogeneous suspensions, it will clearly be more difficult to investigate the factors that lead to this enhanced rate of synthesis than those that lead to the first peak.
